Abstract
Introduction

34
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants that 35 constitute a large and diverse class of organic molecules. PAHs are of concern due to their 36 potential persistence, bioaccumulation and toxic effects [1, 2, 3, 4] . Some PAH derivatives are 37 more carcinogenic and mutagenic than their parent compounds [5, 6] .
38
The extracts from complex environmental samples may contain a variety of PAHs with different 39 molecular sizes and structures including: parent PAHs (PPAHs), alkylated-PAHs (MPAHs), tobacco smoke, engine exhaust, coal tar and coal gasification residues [8, 16] . SPAHs are 49 emitted from most of the same combustion sources as PPAHs and NPAHs [8] . Chemical 50 oxidation and photochemical alteration represent significant sources of OPAH derivatives to the 51 environment [17, 18, 19] . Waste incinerators, water chlorination facilities and automobile and 52 diesel exhaust have been shown to form ClPAHs and BrPAHs [4, 17, 18, 19] , in addition to 53 PPAHs, MPAHs, NPAHs, OPAHs, and SPAHs.
54
The analysis of environmental extracts containing PAHs is often complex and requires cleanup 55 steps and multiple liquid or gas chromatographic methods. Currently, the analysis and 56 quantification of complex PAH mixtures in environmental extracts requires three different one-57 dimensional GC/MS methods with a total run time of 141.6 min per sample: NPAHs, SPAHs 58 and OPAHs method (45.7 min) [16] , PPAH and MPAHs method (46 min) [16] , and Cl and Br-59 PAH method (49.9 min) [20] , in addition to the time required for sample cleanup that often 60 includes adsorption, solid phase extraction (SPE) and gel permeation chromatography (GPC).
61
In order to reduce the analysis time of PAHs contained in a complex environmental mixture, a 62 technique with higher chromatographic peak capacity is needed. Comprehensive two-63 dimensional gas chromatography (GC×GC) enhances the gas chromatographic separation of 64 4 complex organic mixtures [21] using two different GC columns, with different retention 65 mechanisms, for the separation of analytes. Theoretically, the peak capacity generated by 66 GC×GC is equal to the product of the individual peak capacities of each column used [22, 23] .
67
However, in practice, the peak capacity is equal to the product of individual peak capacities, 68 minus the cross information [24] . Therefore, a GC×GC method with high orthogonality, and low 69 correlation of retention times between dimensions, is preferred.
70
Quantification in GC×GC/ToF-MS is a more complex process than in one-dimensional GC/MS, 71 where in the latter case a single retention time and peak response are associated with each 72 analyte in the extract. In GC×GC/ToF-MS, a series of modulated peaks (sub-peaks) are 73 generated and detected, and the retention time and response are represented by a distribution of 74 values generated by this process [25, 26] . Quantification in GC×GC/ToF-MS is an extension of 75 one-dimensional GC/MS in that these individual sub-peak areas are added together [27] . With 76 both GC/MS and GC×GC/ToF-MS, an increase in quantification error occurs because of 77 inaccurate determination of the peak baseline and incorrect identification of peak start and end 78 times, as well as tailing, fronting and overloading of each modulated peak [28] . However, these quantification results with a GC×GC system [29] .
84
Previously, we reported greater separation of complex PAH mixtures in GC×GC/ToF-MS using 85 a liquid crystal column (LC-50) in the first dimension and a nano-stationary phase column (NSP- (PM 2.5 ) described above [25, 26] . This research is the first to quantify complex PAH mixtures in
99
NIST SRMs using GC×GC/ToF-MS, with and without extract cleanup, and reports previously 100 unidentified PAH congeners in the NIST SRMs. 
Materials and Methods
102
Chemicals and Reference Materials
103
The standard reference materials, SRM1975 and SRM1650b, were purchased from NIST (NIST,
104
Gaithersburg, MD) [31] . Japan, using published procedures [20, 32, 33] . The entire list of PAH analytes can be found in 110 
Sample Preparation
118
Three aliquots of NIST SRM1650b and NIST SRM1975 were spiked with known amounts of 119 labeled PAH, OPAH and NPAH surrogates prior to sample preparation. NIST SRM1650b was 120 extracted using a method based on pressurized liquid extraction (PLE) with dichloromethane
121
(DCM) that has been previously described [34, 35, 36] . The resulting NIST SRM1650b extracts 122 and the NIST SRM1975 aliquots were cleaned up using 20 g silica gel columns (Mega BE-SI, ChromaTOF version 4.33. The optimization of both column combinations has been previously 142 described [30] . However, the modulation time was changed from 5 to 7 s in order to increase 143 peak height and instrument sensitivity for some of the PAHs measured. Selected modulated peaks were used for PAH quantification rather than full sub-peak 149 summation, to reduce quantitation time [26, 28] . We calculated the ratio of the peak area for the 150 three most intense modulated sub-peaks of each PAH to the peak area for the three most intense 151 modulated sub-peaks of the respective deuterated PAH surrogate to reduce errors associated with 152 8 the partial peak area [25] . Three modulated sub-peaks were used for both in-phase and out-of-153 phase peaks [28] . The GC×GC/ToF-MS operating conditions can be found in Table S- "A", and a more random elution pattern in combination "B" due to its higher orthogonality [30] . [30] . were, on average, 11.2% for column combination "A" and 11.9% for column combination "B".
GC×GC/ToF-MS Quantification
183
The percent difference between PAH concentrations determined by GC×GC/ToF-MS and the
184
NIST certified PAH concentrations (shown in Table S-4 and Table S showed weak interaction with the liquid crystal column used in column combination "B", eluting
210
with the solvent peak in less than 5 minutes, and are reported as not detected (n.d.) in Table S-4   211 and with an average of 67.2% when column combination "A" was used (Table S- with two different stationary phases [31] . Of the 85 different PAHs in our compound list (Table   271 S-1), 55 PAHs (17 PPAHs, 7 MPAHs, 13 NPAHs, 1 SPAH, 11 OPAHs and 6 ClPAHs) were while Figure 3F shows that the majority of the UCM eluted in the first 15 minutes and did not 296 co-elute with the PAHs when column combination "B" was used ( Figures 3I and 3J ). 
